Biophysical Analysis of Membrane
Functions by Laser Tweezers

* Plasma Membrane Functions (Control by
PIP2 Levels in Plasma Membrane)

— Cell Motility
— Endocytosis (Cell Volume regulation)
— Membrane resealing

e Modified Model of Membrane Structure




Evidence for the Bilayer— Couple
hypothesis from membrane mechanics
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Tether Formation on Fibroblasts
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Tether Force vs. Length Indicates
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b)

Reservoir Increases With Each Tether Pull
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Summary

* In-plane tension is small and is continuous
over the whole cell surface

* Membrane-cytoskeleton interaction is
the major component of the apparent
membrane tension




Cell Biophysics: Analysis of
Physical Basis of Cell Functions

» Physical and chemical analysis of cell
functions 1s critical

 Tension in Membrane 1s Critical for
Membrane Functions (Global Control)

» Cell Forces Generated and Sensed by
Cytoskeleton




Functions Controlled by Plasma

Membrane Tension

Motility
Endocytosis Rate

Cell Volume regulation

Bleb resistance (Membrane-cytoskeleton
adhesion)

Membrane resealing




RBL Secretion Correlates with

Drop 1n Tether Force and
Rise 1n Endocytosis Rate

a5 o 4 -
IR - | =0 Control .
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Dai et al. (1997) J. Gen. Physiol. 11:1




RBL Tether Force Decreases

Faster Than Granule Secretion
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Endocytosis Inhibited Dramatically in Mitosis
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# Relative Fluorescence Intensity




Tether Force (pN)

H
o

(2]
o

w
o

N
(3]

N
(=}

15

-
(=}

/
/ /

Titration of Membrane Tension with Deoxycholic Acid
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[l interphase -] interphase

160
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40

20

Endocytosis Rate (% of interphase)

0.2 0. 0.

Deoxycholic Acid Concentration (mM) Deoxycholic Acid Concentration (mM)

When membrane tension in metaphase cells is adjusted to the
interphase level with detergent addition, the endocytosis rate
reaches the interphase level.

Raucher & Sheetz (1999) J. Cell Biol. 144: 497



Correlation of Relative Endocytosis Rate
and Membrane Tension
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Model for Regulation of
Endocytosis during Mitosis

interphase mitosis mitosis

membrane U N U

tension

membrane tension
J % reducing reagents J

endocytosis : .




Bleb Formation Involves Separation
of membrane from cytoskeleton

-
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* Sheetz, MP. Nature Rev.CMB. 2:392-8(2001)




A tether from a bleb on a M2 cell




Tether Force over Cytoskeleton

versus Blebs in Epithelial Cells

ATP depletion
; Bleb
=14 pN
| f )h_:l | _."J“"'. [-f=7 p_N -
\ — )
3 .

Da1 & Sheetz (1999) Biophys. J. 77:3363




Biophysical Analysis of Membrane
Functions by Laser Tweezers

* Plasma Membrane Functions (Control by
PIP2 Levels in Plasma Membrane)

— Endocytosis (Cell Volume regulation)
— Cell Motility

— Membrane resealing

e Modified Model of Membrane Structure




MARCKS (Myristilated Alanine Rich C Kinase Substrate)

*Concentration present in cell
at 10uM

*Binds 3 to 4 molecules
PIP(4,5)2 with a K, of 10-*M

*Effector domain (AA 151-
175) has +13 charge

*Competes w/ PLCo PH for
PIP(4,5)2

*Other functions: actin cross-
linking protein and as a
‘scaffolding’ protein between
the PM and the cytoskeleton

O =PIP(4,5)2 Q=PC or cholesterol E =mystirlation sequence




MARCKS, PLCo-PH, Are Equally

Effective 1n Reducing Tether Force

1-10E6 molecules of EGFP-PIP2 binding
proteins
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PI5 Kinase & PKC Restore Normal Adhesion

MAR FL MAR FL PLC PH PI5K+PH PISK+pEGFP  control
+PISK

Control control+PMA MAR FL MAR FL +PMA MAR FL +PMA MAR FL +PMA
(control) PRE 2min 4min 6min




Protein Kinase C Activation
Reverses PH Domain Blebs




MARCKS Causes Small Blebs
Reversed by PMA

MARCKS . 5 S

r

MARCKS _-'_,_.‘f_f-' : 'f*"‘"‘?;* %
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MARCKS & PH Domains Move Oppositely with PKC

MAR FL. GFP PLCPHRFP Merge

SmEe L s
s Pagy

MAR FL GFP

PLC PH GFP s ) i g
‘' -H B

+PMA 1’ +PMA 3’




MARCKS Sequesters PIP2
Released by PKC

IP(4)P + PISK

1. Local Synthesis of P1(4,5)P2

2. Sequestration of PI(4,5)P2 via MARCKS Scaffolding
Complex

1. MARCKS Translocation to Pcrinclar ]
Region

2. Increased Actin Polymerization at
UE\ the Plasma Membrane
PI(4,5)P2
UE\ MARCKS
/ PH Domain

PKC
PI5K (Io)
F-Actin




Cholesterol Depletion Increases
Recoils and Decreases Diffusion

Kwik et al., PNAS 100:13964-9 (2003).



GFP-PLC-PH Leaves PM 1n 20’ of MCD

Before ek After 20°

10mM MCD

Intensity [

GFP-PH E




Surface Potential of PS(20%) or PIP2
(1%) with MARCKS ED (0.1 M NaCl)

PS (20%) PS + MARCKS ED

Wang et al., JBC 277: 4401 (2002)



Model of Membrane Structure

Phosphoinositide
\ ’

>
‘f a oo e~
—— s
Cadherin ~_

.._ - _. _ - s 4-.. .
Adherens

l' | - L |
Focal contact . — . .
Integrin — Fibronectin

junction

From Sheetz, Nature Rev CMB 2:392-8(2001)



Apparent Membrane Tension
Resists Extension by Actin and

Tension o [PIP2]

EXteIl Si O n \ < Tension

Reviewed: Sheetz, Nature Rev. MCB. 2:392 (2001)
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Membrane Load Alters Activation

and Rate of Actin Assembly

PDGF or Membrane
Expanding Reagents

—

—p

b

Tension = 1/

—— h
() . ':1 Vmﬂ
55.550878808088." S Sons
-_
Actin Assembly

intermediate Complex

Activation
Membrane ,/ t

Expanding Reagents

Raucher & Sheetz (2000) J. Cell Biol. 147:1313




Membrane Tension: Physical
Control of Cell Functions

Adhesion of membrane to the cytoskeleton develops
tension that provides general regulation of
endocytosis rate (surface-area/volume ratio),
motility, and resealing

Model of lipid-dependent membrane-cytoskeleton
adhesion

PIP2 1s major lipid controlling membrane-
cytoskeleton adhesion

Tension 1s too low to activate stretch channels
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